Bacteriophages are the most numerous organisms in the biosphere. In spite of their biological significance and the spectrum of potential applications, little high-resolution structural detail is available on their receptor-binding fibers. Here we present the crystal structure of the receptor-binding tip of the bacteriophage T4 long tail fiber, which is highly homologous to the tip of the bacteriophage lambda side tail fibers. This structure reveals an unusual elongated sixstranded antiparallel beta-strand needle domain containing seven iron ions coordinated by histidine residues arranged colinearly along the core of the biological unit. At the end of the tip, the three chains intertwine forming a broader head domain, which contains the putative receptor interaction site. The structure reveals a previously unknown beta-structured fibrous fold, provides insights into the remarkable stability of the fiber, and suggests a framework for mutations to expand or modulate receptor-binding specificity.
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gene product 37 | host cell attachment | octahedral coordination | viral fibers | X-ray crystallography B acteriophages are exploited in an emergent array of applications including the typing of bacteria (1), peptide display (2) , and experimental phage therapy (3) (4) (5) . Bacteriophages have also been extensively studied as model systems for fundamental processes such as viral infection and replication, gene transfer, protein folding, and assembly. Escherichia coli bacteriophage T4 (6) , a member of the Myoviridae family of the Caudovirales order, has an exclusively lytic lifecycle. Host recognition occurs through a reversible interaction of the tip of the long tail fibers with lipopolysaccharides or with the outer membrane porin protein C (7) (Fig. 1) . Upon receptor binding, a recognition signal is sent to the baseplate (8) (9) (10) (11) , causing the short tail fibers to extend and irreversibly bind to the outer core region of the lipopolysaccharides (12) . This binding is followed by contraction of the outer tail sheath (13, 14) , penetration of the bacterial membrane by the hollow inner tail tube (Fig. 1B) , and ejection of the viral DNA into the bacterium (15) . The T4 long tail fibers are an assembly of four different proteins [gene product (gp) 34, gp35, gp36, and gp37; ref. 16] and can be separated into proximal and distal half-fiber segments of approximately 70 nm (17) , hinged at an angle of around 160° (Fig. 1C) . Proximal half-fibers are composed of trimers of gp34, followed by a monomer of gp35 forming the hinge or "kneecap," whereas the distal half-fibers contain a trimer of gp36 (closest to gp35) and a trimer of gp37. Gene product 34 and gp37, as well as the short tail fiber protein gp12, need the chaperone gp57 for proper trimeric assembly; gp37 also requires gp38 (18) . Eleven domains (D1-11) have been observed in the distal half-fiber by electron microscopy and D3-11 were assigned to gp37. Gene product 37 comprises 1,026 amino acids per monomer and D9 is predicted to start at residue 651, D10 at residue 803, and D11 at residue 926 (assuming that the protein chain is colinear with the fiber; ref. 17) . Antibodies to gp37 inactivate T4 by blocking infection (19, 20) . Experiments with hybrid phages suggest the receptor-binding region encompasses residues 907-996 (21) .
Results
Protein Expression, Purification and Crystallization. His-tagged gp37 (651-1026) was coexpressed with its chaperones gp38 and gp57 similarly to previously described for gp37 (22) and purified by metal affinity chromatography and anion exchange chromatography. After mild heat treatment (similar to that performed for gp12; ref. 23) , trypsinization yielded the stable frag- Fig. 1 . Bacteriophage T4 and its long tail fibers. (A and B) Schematic representations of bacteriophage T4 attached to a bacterial membrane before (Left) and after (Right) contraction of the outer tail tube. The tip domain of gp37 is boxed. (C) Schematic representation of the bacteriophage T4 long tail fiber. Domains P1-5 correspond to gp34; the kneecap domain (K-C) is formed by gp35, whereas the distal part of the fiber, consisting of gp36 and gp37, is divided into regions D1-11. The expressed protein, gp37(651-1026), corresponds to D9-11 (larger gray box), whereas the crystallized fragment, gp37(785-1026), corresponds to D10-11 (smaller gray box). ment gp37(785-1026), which was purified by size exclusion chromatography. Manganese (II) chloride was included in the final step of the preparation as it was identified as a stabilizing agent, although no evidence for ordered manganese ions was found in the final structure. Average yields of purified gp37(651-1026) were around 1.7 mg per liter of bacterial culture before proteolysis and highly purified gp37(785-1026) was obtained in yields of 0.36 mg∕L. A stable fragment of 24.6 kDa, gp37(785-1026), was identified by N-terminal sequence analysis and mass spectroscopic peptide fingerprinting. Clusters of small gp37(785-1026) crystals were grown by vapor diffusion from solutions containing polyethyleneglycol and sodium citrate at pH 5.0.
Data Collection and Structure Solution. An X-ray fluorescence emission spectrum measured from a single crystal measuring 50 × 20 × 5 μm 3 indicated the presence of iron, presumably Fe 2þ , because the crystals were not appreciably colored. Therefore, a multiwavelength anomalous diffraction dataset was collected around the iron absorption edge from the same crystal. Seven iron ion sites were located during experimental phasing, consistent with the presence of seven His-X-His motifs in the gp37(785-1026) sequence. After solvent flattening, the resulting map displayed a solvent boundary corresponding well with the expected outlines of the tip of the T4 long tail fiber. Although detail in the initial experimental map was poor, it was possible to manually position the homologous part of the collar domain of gp12 (24, 25) into the globular region. The density surrounding the iron ions was compatible with an octahedral coordination sphere involving six histidine residues per ion. This observation, combined with the realization that both the N and C termini are located in the collar domain, the geometric impossibility of the chain going all the way to the tip and back if it did not form an almost continuous extended strand, and the fact that the distance between the iron ions and the spacing of the His-X-His motifs in the sequence allowed unequivocal assignment of each iron ion to the correct His-X-His motif, made it possible to manually trace a partial model. Using this model and the peak wavelength data, a combined single anomalous diffraction/Fourier synthesis map was calculated, allowing tracing of additional residues. Subsequently, a complete simulated annealing omit map was calculated, which allowed further additions. Finally, using positive difference maps resulting from refinement, the model could be completed and refined to satisfactory geometry ( Table 1 ). The final model contains residues 811-1026 from all three chains; residues 785-810 are not visible in the electron density maps. The final model, refined at 2.2-Å resolution, includes residues 811-1026 from all three chains and has been refined to R work ∕R free of 17.9∕23.8%. (Fig. 3A) . Each monomer comprises a sandwich of two antiparallel beta-sheets (one containing three strands, the other two) with an alpha-helix (residues 843-850) at one end of the beta-sandwich.
Located next to the collar domain is an intricately intertwined region in which residues 861-880 encircle residues 1009-1015 of the neighboring chain. This region is followed by the needle domain, which is a 150-Å-long six-stranded antiparallel righthanded twisted circular sheet formed by residues 881-933 and 960-1008 from each of the three chains (Fig. 3B ). Its diameter is roughly 15 Å, with each of the chains completing one-and-a-half turns (about 540°) around the fiber axis. In the core of the needle domain, hydrophobic and hydrophilic regions alternate, with the latter forming the metal-binding sites. The seven iron ions are coordinated octahedrally by the Nϵ atoms of two histidine residues from each chain, in a similar fashion to the zinc ion in the structure of gp12 (25) . Iron ions 1, 5, and 7 are bound by the His-883/His-885, His-915/His-917, and His-929/His-931 doublets, respectively, whereas the His-966/His-968, His-980/His-982, His-989/His-991, and His-998/His-1000 pairs from the returning strand coordinate iron ions 6, 4, 3, and 2 (Fig. 3B ). There are no water molecules on the threefold central axis, apart from in the collar domain, near the border with the needle domain. We also modeled a triad of water molecules around the threefold fiber axis between iron ions 6 and 7. The biological significance, if any, of these water molecules is not clear at this point, but they may indicate some flexibility in these regions.
Residues 934-959 from each of the three chains form a compact, interwoven head domain of 22 Å in diameter and 18-Å high ( Fig. 3 C and D) . Amino acids 934-947 loop around a neighboring chain; the chain then threads through the loop of a neighbor, before turning back into the needle domain. The head domain, located at the extreme distal end of the long tail fiber, is likely to play a primary role in receptor binding. As gp37 is known to interact with the glucosyl-alpha-1,3-glucose terminus of lipopolysaccharides (7) and protein-saccharide interactions almost always involve stacking of sugar residues onto aromatic amino acid side chains (26) , aromatic surface amino acids (Tyr-932, Trp-936, Tyr-949, and Tyr-953) are attractive candidates for receptor binding. Lys-945 (near Trp-936) and Arg-954 (near Tyr-932 of a neighboring chain) may also interact with the lipopolysaccharides phosphate groups.
Stability and Folding. Of the total surface area of each gp37(811-1026) monomer, 57% (14.5 × 10 3 Å 2 ) is buried within the trimer interface, whereas the estimated energy gain upon complex formation is 270 kcal∕mol. Like gp37(12-1026) (21), gp37(785-1026) is resistant to denaturation by sodium dodecylsulphate at room temperature. The complex interweaving suggests that gp37 is unlikely to exist as a stable monomer and potentially accounts for the requirement for chaperones gp57 and gp38 for correct folding. Gene product 57, also necessary for the productive folding of the short tail fiber protein gp12 and the proximal long tail fiber protein gp34, may be involved in keeping unfolded monomers apart until the collar domain trimerizes. Gene product 38 is exclusively required for gp37 folding and may have a more specialized function.
Structural Homologues. The closest structural homologue identified by the DALI server (27) is gp12 (24, 25), which trimerizes to form the T4 short tail fiber. The five beta-strands and the alpha-helix of the gp37 collar domain can be superimposed onto five of the six beta-strands and an alpha-helix of the gp12 collar domain (Fig. 3E ) with an rmsd of 2.7 Å over 115 C-alpha atoms. Similarity extends to the intertwined region adjacent to the collar domain and the first metal-binding site. His-885 and His-887 superpose well onto His-445 and His-447 of gp12, respectively, although gp12 binds a zinc ion instead of iron (25, 28) . Gene product 10 (29) also exhibits significant structural homology to gp37, and 87 C-alpha atoms can be superposed with an rmsd of 4.8 Å. Three beta-strands of the collar domain of gp37 can be superimposed onto similar strands in the collars of gp10 and the closely related protein, gp11 (30) . In the case of gp10, structural similarity also extends into the intertwined region next to the collar domain (Fig. 3G) . The structural similarity of gp10, gp11, gp12, and gp37 makes it probable that these genes evolved from a common ancestor (29) . Discussion Bioinformatic analysis (31) reveals sequence similarity to fibers from various phages and prophages (including several pathogens such as Shigella dysenteria, Yersinia pestis, and Salmonella enterica). When the sequences of the tip domains of bacteriophage T4 gp37, TuIa, and TuIb gp37 (all Myoviridae) and of the Siphovirus bacteriophage lambda Ur side tail fibers (32) are aligned (Fig. 4) , extensive similarity is evident for residues 811-931 and 966-1026, i.e., for the whole tip domain except the putative receptor-binding head domain. The conservation pattern suggests the structural framework of the tip domain is maintained intact, whereas the head domain has diverged to acquire specific receptor-binding properties. It has been suggested (33) that T4, TuIa, and TuIb may have evolved from the T2 lineage and incorporated the C-terminal segment of the side tail fiber and the lambda tail fiber assembly protein by recombination with lambda or a close relative. This hypothesis was proposed based on experimental data showing that the C-terminal region of lambda side tail fibers can functionally substitute for gp37 in receptor binding, whereas the lambda tail fiber assembly protein ltfa can functionally substitute for gp38 in mediating the correct folding of gp37. The outer diameter of the head domain and the inner diameter of the surface cavity of the also trimeric outer membrane porin protein C (34) are both just under 25 Å. The very tip of the bacteriophage long tail fiber fits snugly into the mainly negatively charged outer cavity of its receptor outer membrane porin protein C (the gp37 head domain is uncharged apart from two small positive patches on the sides corresponding to Lys-945 and Arg-954). Automated docking experiments were performed with outer membrane porin protein C and gp37(811-1026) or the head domain plus a part of the needle domain (residues 918-973). Of the solutions obtained, many docked the side of the gp37 tip onto the hydrophobic side of the porin. Because this region would normally be covered by lipids in the membrane, these solutions were rejected. No solutions were obtained with gp37 docked on the inner membrane side of the porin. Of the remaining solutions, many aligned the threefold axes of both trimeric molecules, although some solutions with the tip oriented at an angle were observed. In both kinds of solutions, the head domain is consistently placed inside the extracellular cavity of the porin, when interactions with the hydrophobic membrane-interacting regions are excluded. In Fig. 5 the top "symmetric" solution and the solution with the largest angle are shown; in the latter, the side of the gp37 needle contacts surface loops of the porin. Interactions are either "headon" or transversal; both are potentially relevant in recognition and infection and could represent different phage approach angles and be compatible with a conformational change of the baseplate that varies the attachment angle of the long tail fiber.
The present structure provides insights into the conserved molecular architecture of the T4 bacteriophage fiber tip and suggests the surface and residues that are most likely to be involved in receptor binding. Several surface-exposed aromatic and positive residues are prime candidates for mutagenesis studies to dissect the binding determinants and modulate the receptor-binding properties of this fiber. Future studies directed at the remaining components of the long tail fiber will provide valuable insights into this remarkable molecular machine.
Materials and Methods
Construction of Expression Vectors. Sequences representing coding regions for gp38 and gp37(651-1026) were cloned into pCDF-Duet and pET30a(+) (Merck), respectively. The resulting plasmids were designated pCDF(Sm) g38 and pET(Kn)g37(651-1026). The vector pET(Ap)g57 was provided by Stefan Miller. Gene product 37(651-1026) was expressed with an additional N-terminal six-histidine tag.
Protein Expression and Purification. Four liters of growth media (22) supplemented with ampicillin (50 mg∕L), streptomycin (50 mg∕L), and kanamycin (25 mg∕L) were inoculated with the E. coli strain JM109(DE3) (Promega) cotransformed with pET(Kn)g37(651-1026), pET(Ap)g57, and pCDF(Sm)g38. Expression was induced at 16°C and harvesting of bacteria performed as described (22) . The cells were resuspended in 40 mL of 50 mM sodium phosphate pH 8.0, 0.3 M sodium chloride, 10 mM beta-mercaptoethanol, 10 mM imidazole, 1% glycerol, and protease inhibitors, frozen at −20°C, and lysed by a double pass through an Avestin C5 emulsifier (Avestin, Europe, GmbH). Lysates were centrifuged at 39;000 × g and 10°C for 40 min. Supernatant containing soluble His-tagged gp37(651-1026) was loaded onto a 5 ml nickelnitrilotriacetic acid agarose (Qiagen) column preequilibrated with elution buffer (50 mM sodium phosphate pH 8.0, 0.3 M sodium chloride, 10 mM beta-mercaptoethanol). The recombinant protein was eluted with a step gradient of imidazole in elution buffer. The 0.25-0.4 mM imidazole fractions contained gp37(651-1026) and were combined and dialyzed overnight at 4°C against 10 mM Tris • HCl pH 8.5. The protein was applied to a 6 mL Uno-Q column (Bio-Rad) equilibrated with the same buffer and eluted with a sodium chloride gradient. Highly purified gp37(651-1026) eluted at around 0.1 M sodium chloride. Gene product 37(651-1026) was concentrated to 10 mg∕mL using 10 kDa cutoff centrifuge filters (Millipore) and buffer exchanged into 20 mM ammonium bicarbonate pH 7.8, 150 mM sodium chloride in the same step. One milliliter fractions of the concentrated protein were heat treated by incubation at 56°C for 30 min. After cooling to 37°C, 13.3 μg of sequencing grade modified trypsin (Promega) was added to the protein and the mixture was incubated for 80 min at 37°C. The reaction was stopped using 1 mM phenylmethylsulfonyl fluoride. The resulting mixture was loaded onto a Hiload 16∕60 sephacryl 300 column (GE Healthcare BioSciences) equilibrated with 10 mM Tris • HCl pH 8.5, 150 mM sodium chloride, 1 mM manganese (II) chloride. Elution was done in the same buffer at a flow rate of 0.5 mL∕ min. Peak fractions containing proteolyzed gp37(785-1026) were concentrated to 8 mg∕mL and buffer exchanged into 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid-NaOH pH 7.5, 1 mM manganese (II) chloride. Manganese (II) chloride was identified as a stabilizing agent by a thermofluor assay performed according standard protocols (35) .
Crystallization, Data Collection, and Structure Solution. Crystallization was by vapor diffusion in sitting drops of 2 μL protein solution plus 2 μL of a reservoir solution containing 5% (wt∕vol) polyethyleneglycol 6,000 and 0.1 M sodium citrate pH 5.0. Crystals were harvested in reservoir solution supplemented with 20% (wt∕vol) glycerol, mounted into a cryoloop, and flash-frozen in liquid nitrogen for data collection. The presence of iron in the crystals was determined from X-ray fluorescence emission spectra recorded on BM30A at the European Synchrotron Radiation Facility (ESRF). A three-wavelength multiwavelength anomalous diffraction experiment was subsequently carried out on beamline ID23-1 at the ESRF. Due to radiation damage, the remote dataset was not included in the analysis; instead, a higher resolution dataset collected on ID23-2 was used as a remote and reference dataset. All data were processed and scaled using MOSFLM (36) and SCALA (37) and further analyzed using programs from the CCP4 suite (38) . Reflections for calculation of R free were selected in thin resolution shells. The initial sites were located 4 . Alignment of the tip domains of the long tail fiber gp37 proteins of bacteriophages T4 (UniProt code P03744), TuIa (S13237), and TuIb (S13239) and of the side tail fiber of bacteriophage lambda (P03764). Of the latter two, only the sequence of the C-terminal 382 and 267 amino acids are known, respectively, although their entire gp37 proteins are expected to be similar in size to gp37 of T4. Identical residues are indicated with asterisks and similar ones with dots. Hydrophobic residues contributing to the central longitudinal core of the needle domain are boxed in gray; His-X-His motifs are also labeled with letters on top of the alignment. A deletion of 10 amino acids in the T4 needle domain after residue 909 with respect to the others is compensated for by a deletion of nine amino acids just before residue 979 in the "return" strand; these last nine amino acids contain a putative eighth metal-binding site His-Ala-His for TuIa, TuIb, and lambda. using SHELXD (39) and refined within AUTOSHARP (40) . Solvent flattening was with SOLOMON (41) and model building was performed with COOT (42) . Combined single wavelength anomalous diffraction/Fourier synthesis and simulated annealing omit maps were calculated using PHENIX (43) , in which PHASER performs the phase combination using a maximum likelihood procedure (44) . Refinement was performed with REFMAC (45) and validation was carried out using MOLPROBITY (46) . Loose noncrystallographic restraints were used in the final refinement step. Complex assembly parameters were estimated with PISA (47) . Automated docking was performed with PATCH-DOCK (48) and HEX (49), using their respective Web servers and default parameters, inputting Protein Data Bank files from which water molecules had been removed. Structure figures were prepared with PYMOL (PyMOL Molecular Graphics System, Schrödinger, LLC).
